B-cell activating factor (BAFF) is involved in not only the physiology of normal B cells, but also the pathophysiology of aggressive B cells related to malignant and autoimmune diseases. However, how excessive BAFF promotes aggressive B-cell proliferation and survival is not well understood. Here we show that excessive human soluble BAFF (hsBAFF) enhanced cell proliferation and survival in normal and B-lymphoid (Raji) cells, which was associated with suppression of PP2A, resulting in activation of Erk1/2. This is supported by the findings that pretreatment with U0126 or PD98059, expression of dominant negative MKK1, or overexpression of PP2A prevented hsBAFF-induced activation of Erk1/2 and cell proliferation/viability in the cells. It appears that hsBAFF-mediated PP2A-Erk1/2 pathway and B-cell proliferation/viability was Ca 2+ -dependent, as pretreatment with BAPTA/AM, EGTA or 2-APB significantly attenuated these events. Furthermore, we found that inhibiting CaMKII with KN93 or silencing CaMKII also attenuated hsBAFF-mediated PP2A-Erk1/2 signaling and B-cell proliferation/viability. The results indicate that BAFF activates Erk1/2, in part through Ca 2+ -CaMKII-dependent inhibition of PP2A, increasing cell proliferation/viability in normal and neoplastic B-lymphoid cells. Our data suggest that inhibitors of CaMKII and Erk1/2, activator of PP2A or manipulation of intracellular Ca 2+ may be exploited for prevention of excessive BAFF-induced aggressive B-cell malignancies and autoimmune diseases.
Introduction
The TNF superfamily plays a crucial role in the regulation of immune response by inducing apoptosis and/or proliferation in lymphocytes [1] . B-cell activating factor of the TNF family (BAFF), also termed BLyS, TALL-1, THANK, and zTNF4, a type II membrane protein that exists in both membrane-bound and soluble forms, is a ligand for three TNF-receptor-family members: BAFF-R (BR3), BCMA, and TACI [2] [3] [4] [5] [6] [7] . BAFF has exhibited a strong costimulatory function in development, maturation and homeostasis of normal B lymphocytes, as well as in cell proliferation and survival of neoplastic B-lymphoid cells [8] [9] [10] [11] . Systemic administration of soluble BAFF results in B-cell expansion and elevated levels of immunoglobulins [7] . More importantly, high levels of BAFF in the serum of mice that express both endogenous and transgenic BAFF especially extend B lymphocyte survival beyond physiological limits, and drive continued production of plasma cells producing pathogenic autoantibodies, which contribute to systemic lupus erythematosus (SLE) pathogenesis [12] [13] [14] . The B cells with prolonged lifespan are considered culprits in developing lupus-like autoimmune diseases [9, [14] [15] [16] . In humans, increased serum BAFF levels are found in a number of different autoimmune diseases, such as SLE, rheumatoid arthritis (RA), and Sjögren's syndrome (SS) [1, 14, 17] . These results indicate that increased expression of BAFF is a possible etiological factor of aggressive or neoplastic B-cell disorders and autoimmune diseases. However, how excessive BAFF promotes aggressive Bcell proliferation and survival is not well understood.
Extensive studies have shown that BAFF regulates expression of several Bcl-2 family members, including Bcl-x L , Mcl-1, A1/Bfl-1, Bcl-2, and Bim, via survival-promoting kinase systems such as Pim 1/2 or extracellular signal-related kinases 1/2 (Erk1/2) [11] . Protein phosphatase 2A (PP2A), a ubiquitous and highly conserved serine/threonine (Ser/Thr) protein phosphatase, plays an essential role in multiple cellular processes, including cell proliferation/growth and death, cell mobility, cytoskeleton dynamics, as well as numerous signaling pathways [18] [19] [20] . PP2A negatively regulates Erk1/2 pathway through dephosphorylating and inactivating both mitogen-activated protein kinase kinases 1/2 (MEK1/2) and Erk1/2 proteins [18] . Dysregulation of PP2A activity has been implicated in several diseases. For example, in leukemic cells, inhibition of PP2A activity increases proliferation and impairs cellular differentiation [21] . Increased PP2A activity exists in T cells from patients with SLE [22] . PP2A overexpression promotes DNA hypomethylation through suppressing MEK/Erk/DNA methyltransferase 1(DNMT1) pathway in normal and SLE T-cells [20] . However, decreased PP2A activity in the brain of Alzheimer's patients promotes hyperphosphorylation of tau protein leading to the development of neurofibrillary tangles [23] . Although an important role for PP2A has been established in a number of disease processes, including SLE [20, 24, 25] , its effects on BAFF-induced proliferation and survival of aggressive B cells are unclear.
Calcium ion (Ca 2+ ) is a ubiquitous intracellular signal responsible for numerous cellular events, such as proliferation/growth, differentiation, and survival in various immune cells [26, 27] . CaMKII is an ubiquitously expressed multifunctional Ser/Thr kinase that functions through Ca 2+ signaling to regulate the development and activity of many different cell types including immune cells [28] [29] [30] . CaMKII is activated upon binding of Ca 2+ /calmodulin (CaM), which undergoes autophosphorylation [31] . Studies have demonstrated that the activation of MEK-Erk1/2 in B lymphocytes is dependent on calcium influx [29, 32] . Activated CaMKII is involved in regulating the activation of Erk1/2 leading to myeloid leukemia cell proliferation [28] . Recently, we have shown that human soluble BAFF (hsBAFF) elevates higher but homeostatic intracellular free Ca 2+ ([Ca 2+ ] i ), which activates Erk1/2 pathway contributing to the proliferation and survival of cultured mouse splenic B lymphocytes [33] . Excessive hsBAFF-elevated [Ca 2+ ] i phosphorylates CaMKII, which is associated with activation of mTOR signaling and the proliferation and survival in B lymphocytes [34] . These data suggest that Ca 2+ -dependent CaMKII activity transduces signals to MAPKs and mTOR involved in cell proliferation and survival. Because the disturbances in the expression and/or function of PP2A are linked to autoimmune diseases, this prompted us to study whether excess BAFF inhibits PP2A activity, thereby activating Erk1/2 signaling and promoting B-cell proliferation and survival, through Ca 2+ signaling. Here we report that excessive hsBAFF promotes the proliferation and survival in normal and Raji B-lymphoid cells through suppression of PP2A leading to Erk1/2 activation. Furthermore, we demonstrate that hsBAFF activates Erk1/2, at least, partially by Ca 2+ -CaMKII-dependent inhibition of PP2A. The findings suggest that inhibitors of CaMKII and Erk1/2, activator of PP2A or manipulation of intracellular Ca 2+ may be exploited for the prevention of excessive BAFF-induced aggressive B-cell malignancies and autoimmune diseases.
Materials and methods

Reagents
Anti-CD19 magnetic fluorobeads-B was purchased from One Lambda (Canoga Park, CA, USA). RPMI 1640 Medium was from Gibco (Rockville, MD, USA). Fetal bovine serum (FBS) was supplied by Hyclone (Logan, UT, USA). Refolded human soluble BAFF (hsBAFF) was a recombinant form of the extracellular domain of the BAFF synthesized in Escherichia coli from this group [35] . Enhanced chemiluminescence solution was from Millipore (Billerica, MA, USA). CellTiter 96 ! AQ ueous One Solution Cell Proliferation Assay kit was from Promega (Madison, WI, USA). Annexin V-FITC/propidium iodide (PI) Apoptosis Detection kit was obtained from BD biosciences (San Diego, CA, USA). 1,2-bis(o-aminophenoxy) ethane-N,N,N′,N′-tetraacetic acid tetra (acetoxymethyl) ester (BAPTA/AM) and 2-aminoethoxydiphenyl borane (2-APB) were purchased from Calbiochem (San Diego, CA, USA), whereas ethylene glycol tetra-acetic acid (EGTA) was purchased from Sigma (St. Louis, MO, USA). KN93 were from ALEXIS (San Diego, CA, USA), whereas U0126 and PD98059 were from Sigma. The following antibodies were used: PP2ACα(BD Biosciences, San Jose, CA, USA), PP2A-A subunit, PP2A-B subunit (Millipore, Billerica, MA, USA), CaMKII, phospho-CaMKII (Thr286), phospho-Erk1/2 (Thr202/Tyr204) (Cell Signaling Technology, Beverly, MA, USA), β-actin, Erk2, demethylated-PP2A (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phospho -PP2A (Epitomics, Burlingame, CA, USA), MEK1(Sigma), goat anti-rabbit IgG-horseradish peroxidase (HRP), goat anti-mouse IgG-HRP, and rabbit anti-goat IgG-HRP (Pierce, Rockford, IL, USA). Other chemicals were purchased from local commercial sources and were of analytical grade.
Cells
Raji cells line (American Type Culture Collection, Manassas, VA, USA) was maintained in RPMI 1640 medium supplemented with 10% FBS, 100 U/mL penicillin, 100 U/mL streptomycin at 37°C in a humidified incubator containing 5% CO 2 . Normal mouse B lymphocytes were purified from fresh splenic cells of healthy mice using anti-CD19 magnetic fluorobeads and cultured as described previously [34] .
Recombinant adenoviral constructs and infection of cells
The recombinant adenoviruses encoding N-terminal FLAG-tagged wild-type rat PP2ACα (Ad-PP2A), FLAG-tagged constitutively active MKK1 (Ad-MKK1-R4F), FLAG-tagged dominant negative MKK1 (Ad-MKK1-K97M), and the control virus encoding the green fluorescent protein (GFP) (Ad-GFP) were described previously [36, 37] . For experiments, cells were grown in the growth medium and infected with the individual adenovirus for 24 h at 5 of multiplicity of infection (MOI=5). Subsequently, cells were used for experiments. Ad-GFP served as a control. Expression of FLAG-tagged PP2A or MKK1 was determined by western blotting with antibodies to FLAG.
Lentiviral shRNA cloning, production, and infection
Lentiviral shRNAs to CaMKII and GFP (for control) were generated and used as described [38] .
Cell proliferation and viability assay
Purified mouse B lymphocytes, Raji cells, Raji cells infected with lentiviral shRNA to CaMKII or GFP, or Raji cells infected with Ad-MKK1-R4F, Ad-MKK1-K97M, Ad-PP2A and Ad-GFP, respectively, were seeded in 24-well plates (3×10 5 cells/well, for cell proliferation assay) or 96-well plates (3×10 4 cells/well, for cell viability assay) under standard culture conditions and kept overnight at 37°C humidified incubator with 5% CO 2 . Next day, cells were treated with 0-5 μg/mL hsBAFF for 48 h, with 0, 1 and 2.5 μg/mL hsBAFF for 48 h, or with/without 1 and 2.5 μg/mL hsBAFF for 48 h following preincubation with/without U0126 (5 μM), PD98059 (10 μM), BAPTA/AM (20 μM), EGTA (100 μM), 2-APB (100 μM), or KN93 (10 μM) for 1 h with 3-6 replicates of each treatment. Subsequently, cell proliferation was assessed by counting the trypsinized cells with a Beckman Coulter Counter (Beckman Coulter, Fullerton, CA, USA). The viability of the cells, after incubation with MTS reagent (one solution reagent) (20 μL/well) for 4 h, was determined by measuring the optical density (OD) at 490 nm using a Synergy TM 2 Multifunction Microplate Reader (Bio-Tek Instruments, Inc. Winooski, Vermont, USA).
Live cell assay by trypan blue exclusive and flow cytometry
Raji cells and purified mouse B lymphocytes were seeded in 24-well plates (3×10 5 cells/ well, for trypan blue exclusive) or 6-well plates (2×10 6 cells/well, for flow cytometry), respectively. Next day, cells were treated with 0-5 μg/mL hsBAFF for 48 h, Then, live cells were monitored by counting viable cells using trypan blue exclusive, and the ratios of death cells, live cells, necrotic and apoptotic cells were calculated by a fluorescence-activated cell sorter (FACS) Vantage SE flow cytometer (Beton Dickinson, California, USA) using annexin-V-FITC and propidium iodide staining.
Western blot analysis
Purified mouse B lymphocytes, Raji cells, Raji cells infected with lentiviral shRNA to CaMKII or GFP, or Raji cells infected with Ad-MKK1-R4F, Ad-MKK1-K97M, Ad-PP2A and Ad-GFP, respectively, were seeded in 6-well plates at a density of 2 × 10 6 cells/well under standard culture conditions and kept overnight at 37°C humidified incubator with 5% CO 2 . Next day, cells were treated with 0-5 μg/mL hsBAFF for 12 h, with/without 2.5 μg/ mL hsBAFF for 0-24 h, with 0, 1 and 2.5 μg/mL hsBAFF for 12 h, or with/without 1 and 2.5 μg/mL hsBAFF for 12 h following pre-incubation with/without U0126 (5 μM), PD98059 (10 μM), BAPTA/AM (20 μM), EGTA (100 μM), 2-APB (100 μM), or KN93 (10 μM) for 1 h. After that, The Western blotting was performed as described [39] .
Statistical analysis
Results were expressed as mean values ± standard error (mean ± SE). The Student's t-test for non-paired replicates was used to identify statistically significant differences between treatment means. Group variability and interaction were compared using either one-way or two-way ANOVA followed by Bonferroni's post-tests to compare replicate means. Significance was accepted at P < 0.05.
Results
hsBAFF-enhanced cell proliferation and viability are Erk1/2-dependent in B cells
Raji cells and purified mouse splenic B lymphocytes were chosen as a model to study the mechanisms by which excess hsBAFF promotes cell proliferation and survival in B cells. For this, cell proliferation and viability were evaluated by cell counting and MTS assay, respectively. As shown in Fig. 1A and B, treatment with 0.5-5 μg/mL of hsBAFF for 48 h increased cell proliferation and viability, respectively, in a concentration-dependent manner in Raji cells and primary B lymphocytes.
To corroborate the event that hsBAFF does increase cell survival, which is related to the prolonged lifespan of the B cells, we counted viable cells using trypan blue exclusive ( Fig. 1C-E) . Collectively, the results suggest that hsBAFF may increase the cell number probably by enhancing both cell proliferation and cell survival. As 2.5 μg/mL of hsBAFF was able to increase the cell proliferation and viability almost to a maximal level, this concentration was selected for more studies, as described below.
Erk1/2 plays an important role for proliferation and survival of different types of cells [40] . To assess whether hsBAFF-enhanced cell proliferation and survival is dependent on Erk1/2 activation, Raji cells and purified mouse splenic B lymphocytes were preincubated with/ without U0126 (5 μM) or PD98059 (10 μM), a selective MKK1/2 (upstream of Erk1/2) inhibitor, for 1 h, followed by treatment with hsBAFF (1 and 2.5 μg/mL) for 12 h or 48 h. Western blot analysis showed that treatment with hsBAFF for 12 h induced remarkable phosphorylation of Erk1/2, which was completely blocked by U0126 or PD98059 in all cells ( Fig. 2A) . Cell counting and MTS assay revealed that U0126 or PD98059 significantly inhibited the basal or hsBAFF-stimulated cell proliferation (Fig. 2B) and viability (Fig. 2C ) in these cells.
To further underscore a role of Erk1/2 in hsBAFF-stimulated B-cell proliferation and survival, recombinant adenoviruses Ad-MKK1-R4F and Ad-MKK1-K97M, encoding FLAG-tagged constitutively active and dominant negative MKK1, respectively, were employed. Infection of Raji cells with Ad-MKK1-R4F and Ad-MKK1-K97M, but not Ad-GFP (control virus), resulted in expression of high levels of FLAG-tagged MKK1 mutants ( Fig. 3A and B) . Expression of MKK1-R4F led to robust phosphorylation of Erk1/2 even without stimulation with hsBAFF, whereas expression of MKK1-K97M blocked hsBAFFstimulated phosphorylation of Erk1/2 ( Fig. 3A and B) , indicating that the MKK1 mutants function in the cells as expected. Consistently, expression of MKK1-R4F significantly elevated the basal or hsBAFF-stimulated cell proliferation/viability ( Fig. 3C and D) . In contrast, expression of MKK1-K97M in the cells significantly inhibited the basal or hsBAFF-stimulated cell proliferation/viability ( Fig. 3C and D) . The results clearly indicate that hsBAFF-stimulated cell proliferation and viability are at least partially dependent on Erk1/2 activation in B cells.
hsBAFF-enhanced B-cell proliferation and viability are associated with its suppression of PP2A, resulting in activation of Erk1/2
PP2A plays an essential role in cell proliferation/growth, cytoskeletal dynamics, and various signaling pathways [18] [19] [20] . It has been reported that PP2A negatively regulates Erk1/2 pathway through dephosphorylation of the Erk1/2 protein [18] . To test whether hsBAFF stimulates B-cell proliferation and viability by regulating PP2A-Erk1/2 pathway, Raji cells and purified mouse splenic B lymphocytes were stimulated with 0-5 μg/mL of hsBAFF for 12 h or with 2.5 μg/mL of hsBAFF for different time (0-24 h). We found that treatment with 0.5-5 μg/mL of hsBAFF for 12 h (Fig. 4A and B) or with 2.5 μg/mL of hsBAFF for 0.5-24 h (Fig. 4C and D) obviously increased expression of demethylated-PP2Ac, phospho-PP2Ac, and phospho-Erk1/2 in a concentration and time-dependent manner. PP2A is a heterotrimeric holoenzyme, which consists of a catalytic subunit (PP2Ac), an A subunit (also termed PR65), and members of the B subunit families, such as B (PR55), B! (PR61), B!! (PR72), and B!!! (PR93/PR110) [41] . As the localization and substrate specificity of PP2Ac is modulated by its association with PP2A-A and -B regulatory subunits [42] , we also detected whether hsBAFF affects expression of PP2A-A or PP2A-B. It turned out that hsBAFF did not alter cellular protein levels of PP2A-A or PP2A-B (Fig. 4A and C) . The results imply that hsBAFF-induced activation of Erk1/2 might be attributed to suppression of PP2A, by inducing demethylation and phosphorylation of PP2Ac.
To validate the role and significance of PP2A in hsBAFF-induced activation of Erk1/2 and B-cell proliferation/viability, we next studied whether overexpression of PP2Ac has any impact on hsBAFF activation of Erk1/2 signaling, as well as cell proliferation/viability. To this end, Raji cells, infected with Ad-PP2A and Ad-GFP (as control), were treated with hsBAFF (1 and 2.5 μg/mL) for 12 h or 48 h, then Western blotting, cell counting and MTS assay were carried out. As expected, infection with Ad-PP2A increased the expression of PP2Ac compared with infection with Ad-GFP (Fig. 5A) . Of interest, overexpression of PP2Ac markedly prevented hsBAFF-induced phosphorylation of Erk1/2 ( Fig. 5A and B) . Furthermore, overexpression of PP2Ac also significantly suppressed the basal or hsBAFFstimulated cell proliferation/viability (Fig. 5C and D) . Taken together, these data strongly supported the notion that hsBAFF enhances cell proliferation and viability in B cells, by targeting PP2A-Erk1/2 signaling pathway.
hsBAFF mediates PP2A-Erk1/2 signaling and cell proliferation/viability in B cells in Ca 2+ -dependent manner
Studies have shown that Erk1/2 activation in B lymphocytes is dependent on calcium flux [29, 32] . hsBAFF elevates intracellular calcium level ([Ca 2+ ] i ), which triggers activation of Erk1/2, increasing proliferation of cultured mouse splenic B lymphocytes [33] . We therefore postulated that hsBAFF-mediated PP2A-Erk1/2 pathway and cell proliferation/survival might be dependent on increased [Ca 2+ ] i . Indeed, pretreatment of Raji cells and primary B lymphocytes with BAPTA/AM, an intracellular Ca 2+ chelator, significantly prevented both hsBAFF-induced PP2A inhibition involved in Erk1/2 activation (Fig. 6A and B) and B-cell proliferation/viability (Fig. 6C and D) , suggesting that hsBAFF mediates PP2A-Erk1/2 signaling and proliferation/survival in the B cells, which depends on an intracellular Ca 2+ rise. This is further supported by the findings that preventing hsBAFF-induced [Ca 2+ ] i elevation using EGTA, an extracellular Ca 2+ chelator, or 2-APB, an inhibitor for both inositol 1,4,5-trisphosphate (IP 3 ) receptors and the Ca 2+ release activated Ca 2+ (CRAC) channels, obviously suppressed hsBAFF-induced PP2A inhibition and Erk1/2 activation ( Fig. 7A and B) , as well as cell proliferation/viability (Fig. 7C and D) in Raji cells and primary B lymphocytes. The results imply that hsBAFF-induced extracellular Ca 2+ influx and ER Ca 2+ release are involved in hsBAFF-inhibited PP2A, thereby contributing to activation of Erk1/2 and B-cell proliferation/survival.
hsBAFF activates Erk1/2 leading to increased cell proliferation/viability by stimulating CaMKII-dependent inhibition of PP2A in B cells
CaMKII is a general integrator of Ca 2+ signaling [43, 44] . The developing Ca 2+ /calmodulin complex may activate CaMKII, leading to intramolecular autophosphorylation at several sites, including Thr286, Thr305, and Thr306 [28, 45] . This prompted us to further test whether the Ca 2+ -dependent effects of hsBAFF on PP2A-Erk1/2 signaling as well as proliferation/survival in B cells are through stimulating CaMKII phosphorylation. For this, Raji cells and purified mouse splenic B lymphocytes were treated with/without hsBAFF (1 and 2.5 μg/mL) for 12 h or 48 h after pre-treatment with CaMKII inhibitor KN93 (10 μM) for 1 h. As shown in Fig. 8A and B, hsBAFF-induced phosphorylation at Thr286 of CaMKII was obviously attenuated by KN93, and KN93 markedly inhibited hsBAFF-induced expression of demethylated-PP2Ac, phospho-PP2Ac, and phospho-Erk1/2 in the cells. Furthermore, cell counting and MTS assay revealed that KN93 suppressed the basal and hsBAFF-stimulated B-cell proliferation/viability ( Fig. 8C and D) .
To further corroborate the role of CaMKII in hsBAFF-mediated PP2A-Erk1/2 signaling and B-cell proliferation/survival, expression of CaMKIIα was silenced by RNA interference. As shown in Fig. 9A , lentiviral shRNA to CaMKIIα, but not to GFP, down-regulated CaMKII expression by ~90% in Raji cells. Silencing CaMKII obviously attenuated hsBAFF-induced phosphorylation of CaMKII (Fig. 9B) . Consistently, down-regulation of CaMKII conferred partial resistance to hsBAFF-induced inhibition of PP2A and activation of Erk1/2 ( Fig. 9B  and C) . Furthermore, down-regulation of CaMKII significantly prevented hsBAFFstimulated proliferation/viability in Raji cells ( Fig. 9D and E) . Taken together, the results strongly support that hsBAFF activates Erk1/2 by Ca 2+ -CaMKII-dependent inhibition of PP2A, leading to increased B-cell proliferation/viability.
Discussion
Increasing evidence has demonstrated the importance of BAFF in the development, maturation and homeostasis of normal B lymphocytes, and in the cell growth and survival of neoplastic B-lymphoid cells [8] [9] [10] [11] . High levels of BAFF prolong the lifespan of B lymphocytes or autoimmune B cells [12-14, 46, 47] . Increased serum levels of BAFF have been documented in patients with autoimmune diseases, including RA, SS, and SLE [1, 14, 17, 48] . Therefore, it is of great importance to find a novel therapeutic strategy to control BAFF levels in individuals with autoimmune diseases and other aggressive/neoplastic B-cell disorders. Recently, we have demonstrated that excessive hsBAFF elevates [Ca 2+ ] i , which activates CaMKII, Erk1/2, and mTOR signaling network, thereby increasing proliferation and survival of cultured mouse splenic B lymphocytes [33, 34] . Here we provide further evidence that hsBAFF activates Erk1/2 and enhances cell proliferation and survival by suppression of PP2A, which is Ca 2+ -CaMKII-dependent in normal and Raji B-lymphoid cells.
We observed that hsBAFF inhibits PP2A not through altering cellular protein expression of the catalytic subunit (PP2Ac) and the regulatory proteins (PP2A-A and PP2A-B) (Fig. 4A  and C) . The phosphatase activity of PP2A can be turned "on" and "off" by post-translational modification such as phosphorylation and carboxyl methylation of PP2Ac [42, 49] . In this study, we found that hsBAFF dramatically increased expression of demethylated-PP2Ac and phospho-PP2Ac (Tyr307) in a concentration-and time-dependent manner in normal and Raji B-lymphoid cells. These data indicate that hsBAFF inhibits the phosphatase activity of PP2A at least by enhancing demethylation and phosphorylation of PP2Ac (Fig. 4A-D) , two events responsible for PP2A inactivation [41] . PP2A is a well-known negative regulator of Erk1/2 [18] . As hsBAFF concurrently induced remarkable phosphorylation of Erk1/2, this led us to hypothesize that hsBAFF may induce Erk1/2 activation by suppressing PP2A. To test this hypothesis, genetic manipulation of PP2A activity was utilized. As expected, overexpression of wild-type PP2A prevented hsBAFF from activation of Erk1/2 and cell proliferation/viability in the B cells. Therefore, our findings strongly suggest the involvement of PP2A-Erk1/2 pathway in BAFF-enhanced cell proliferation and survival in normal and B lymphoid cells. Ca 2+ signaling is an important component of signal transduction pathways regulating B and T lymphocyte proliferation and survival [28] . Our previous study has revealed that hsBAFFupregulated [Ca 2+ ] i promotes the proliferation in B lymphocytes [33] and CD4 + T lymphocytes [27] . This prompted us to test whether hsBAFF inhibits PP2A and activates Erk1/2 in Ca 2+ dependent manner. As expected, we found that pretreatment with BAPTA/ AM, an intracellular Ca 2+ chelator, did obviously attenuate hsBAFF-induced PP2A inhibition involved in Erk1/2 activation and cell proliferation/survival in normal and Raji Blymphoid cells. Recently, we have observed that preventing [Ca 2+ ] i elevation using EGTA, an extracellular Ca 2+ chelator, or 2-APB, an inhibitor for both IP 3 receptors and CRAC channels, dramatically inhibited hsBAFF activation of mTOR signaling, as well as cell proliferation and survival, suggesting that hsBAFF-induced extracellular Ca 2+ influx and ER Ca 2+ release elevates [Ca 2+ ] i contributing to B lymphocyte proliferation and survival via activation of mTOR signaling [34] . In the present study, we noticed that EGTA or 2-APB also suppressed hsBAFF-activated Erk1/2 and B-cell proliferation/survival by preventing hsBAFF from reducing PP2A activity. Therefore, our findings suggest that BAFF-induced inhibition of PP2A, leading to activation of Erk1/2 and B-cell proliferation/survival, is dependent on an intracellular Ca 2+ rise, which is involved in extracellular Ca 2+ influx and Ca 2+ release from ER.
CaMKII, as a general integrator of Ca 2+ signaling, is activated upon binding of Ca 2+ -containing CaM, which regulates the development and activity of many different cell types including immune cells [28-31, 43, 44] . It has been reported that activated CaMKII is involved in regulating the activation of Erk1/2 leading to myeloid leukemia cell proliferation [28] . CaMKII plays a bridging role between hsBAFF induction of [Ca 2+ ] i elevation and activation of mTOR signaling, leading to increased proliferation and survival in B lymphocytes [34] . In this study, to demonstrate that CaMKII is essential for hsBAFFinduced inhibition of PP2A and activation of Erk1/2 contributing to B-cell proliferation/ survival, pharmacological inhibition or genetic manipulation of CaMKII activity was utilized. Pre-treatment with KN93, a specific inhibitor of CaMKII [50] , blocked hsBAFFinduced CaMKII phosphorylation, and partially prevented hsBAFF from enhancing cell proliferation and survival in normal and Raji B-lymphoid cells (Fig. 8A-D) . Consistently, hsBAFF-induced inhibition of PP2A and activation of Erk1/2 signaling were obviously blocked by KN93 in the cells as well (Fig. 8A and B) . Furthermore, down-regulation of CaMKII by RNA interference also attenuated hsBAFF-induced inhibition of PP2A, activation of Erk1/2 and cell proliferation/survival in the cells. These findings underscore the notion that BAFF elicits PP2A inhibition contributing to activation of Erk1/2 signaling by CaMKII phosphorylation, enhancing B-cell proliferation and survival.
Multiple studies have documented excess BAFF extends B lymphocyte lifespan beyond physiological limits, which results in aggressive B lymphocyte disorders and autoimmune diseases [9, [14] [15] [16] 46] . B lymphocytes carry out central roles in the pathogenesis of the autoimmune diseases through a combination of antibody-mediated and antibodyindependent actions [13] . In the present study, we observed a decreased PP2A activity in excessive hsBAFF-stimulated normal and Raji B-lymphoid cells, which was associated with activation (phosphorylation) of Erk1/2 contributing to cell proliferation and survival in the cells. We also demonstrated a link between Ca 2+ -dependent CaMKII phosphorylation and inhibition of PP2A in normal and Raji B-lymphoid cells induced by hsBAFF. A proposition that arises from this work is that excessive BAFF-induced inhibition of PP2A and activation of Erk1/2 by Ca 2+ signaling may be an important mechanism in aggressive or neoplastic Bcells and autoimmune B cells. Our results provide an expanded conceptual view of excess BAFF signaling, which should contribute to a better understanding of molecular mechanisms involved in the physiology of normal B-cell proliferation, as well as in the pathophysiology of aggressive or neoplastic B-cell disorders associated with autoimmune diseases.
In summary, here we identify that excess hsBAFF promotes cell proliferation and survival via suppression of PP2A leading to Erk1/2 activation in normal and neoplastic B-lymphoid cells. Furthermore, hsBAFF activates Erk1/2, at least, in part by Ca 2+ -CaMKII-dependent inhibition of PP2A in the cells. Our findings suggest that inhibitors of CaMKII and Erk1/2, activator of PP2A or manipulation of intracellular Ca 2+ may be exploited for the prevention of excessive BAFF-induced aggressive B-cell malignancies and autoimmune diseases. Inhibition of Erk1/2 blocks hsBAFF-enhanced cell proliferation and viability in B cells. Raji cells and purified mouse splenic B lymphocytes were treated with 0, 1, 2.5 μg/mL hsBAFF for 12 h (for Western blotting) or 48 h (for cell proliferation/viability assay) following pretreatment with/without U0126 (5 μM) or PD98059 (10 μM) for 1 h. Total cell lysates were subjected to Western blotting using indicated antibodies (A). The blots were probed for β-actin as a loading control. Similar results were observed in at least three independent experiments. The cell proliferation was evaluated by cell counting (B) and the cell viability was determined by the MTS assay (C). (A) hsBAFF-induced phosphorylation of Erk1/2 was severely blocked by U0126 or PD98059. (B and C) U0126 or PD98059 markedly inhibited Expression of constitutively active or dominant negative MKK1 influences Erk1/2 activity and proliferation/viability in B cells. Raji cells, infected with Ad-MKK1-R4F, Ad-MKK1-K97M, and Ad-GFP (as control), respectively, were treated with 0, 1, 2.5 μg/mL hsBAFF for 12 h (for Western blotting) or 48 h (for cell proliferation/viability assay). Total cell lysates were subjected to Western blotting using indicated antibodies (A). The blots were probed for β-actin as a loading control. Similar results were observed in at least three independent experiments. The cell proliferation was evaluated by cell counting (C) and the cell viability was determined by the MTS assay (D). (A) Infection of Raji cells with Ad-MKK1-R4F and Ad-MKK1-K97M, but not Ad-GFP, resulted in expression of high levels of FLAG-tagged MKK1 mutants. Expression of MKK1-R4F resulted in robust phosphorylation of Erk1/2 even without stimulation with hsBAFF, whereas expression of MKK1-K97M suppressed hsBAFF-stimulated phosphorylation of Erk1/2. (B) Blots for pErk1/2 were semi-quantified using NIH image J. (C and D) Expression of MKK1-R4F significantly elevated the basal or hsBAFF-stimulated cell proliferation and viability, but expression of MKK1-K97M markedly inhibited these events. Results are presented as mean ± SE (n = 3-6). a P <0.05, b P <0.01, difference vs 0 μg/mL hsBAFF group; c P <0.05, d P <0.01, Ad-MKK1-R4F group or Ad-MKK1-K97M group vs Ad-GFP group. hsBAFF induces inhibition of PP2A and activation of Erk1/2 in B cells. Raji cells and purified mouse splenic B lymphocytes were treated with 0-5 μg/mL hsBAFF for 12 h (A) or with 2.5 μg/mL hsBAFF for different time (0-24 h) (C). Total cell lysates were subjected to Western blotting using indicated antibodies. The blots were probed for β-actin as a loading control. Similar results were observed in at least three independent experiments. (A and C) hsBAFF did not alter cellular protein level of PP2Ac and Erk2, but obviously increased expression of demethylated-PP2A (de-PP2A), phospho-PP2A (p-PP2A), and phosphoErk1/2 (p-Erk1/2) in a concentration-and time-dependent manner, and (B and D) blots for de-PP2A, p-PP2A, and p-Erk1/2 were semi-quantified using NIH image J. Results are presented as mean ± SE (n = 3). * p<0.05, ** p<0.01, difference vs control group. Overexpression of PP2A partially prevents hsBAFF-induced activation of Erk1/2 and cell proliferation/viability in B cells. Raji cells, infected with Ad-PP2A and Ad-GFP (as control), were treated with 0, 1, 2.5 μg/mL hsBAFF for 12 h (for Western blotting) or 48 h (for cell proliferation/viability assay). Total cell lysates were subjected to Western blotting using indicated antibodies (A). The blots were probed for β-actin as a loading control. Similar results were observed in at least three independent experiments. The cell proliferation was evaluated by cell counting (C) and the cell viability was determined by the MTS assay (D).
(A) Overexpression of PP2Ac partially suppressed hsBAFF-induced phosphorylation of Erk1/2, and (B) blots for p-Erik1/2 were semi-quantified using NIH image J. (C and D) Overexpression of PP2Ac in part inhibited the basal or hsBAFF-stimulated cell proliferation and viability. Results are presented as mean ± SE (n = 3-6). a P <0.05, b P <0.01, difference vs 0 μg/mL hsBAFF group; c P<0.05, d P<0.01, Ad-PP2A group vs Ad-GFP group. EGTA or 2-APB attenuates hsBAFF-induced inhibition of PP2A and activation of Erk1/2 as well as cell proliferation/viability in B cells. Raji cells and purified mouse splenic B lymphocytes were treated with 0, 1, 2.5 μg/mL hsBAFF for 12 h (for Western blotting) or 48 h (for cell proliferation/viability assay) following pretreatment with/without 100 μM EGTA or 100 μM 2-APB for 1 h. Total cell lysates were subjected to Western blotting using indicated antibodies (A). The blots were probed for β-actin as a loading control. Similar results were observed in at least three independent experiments. The cell proliferation was evaluated by cell counting (C) and the cell viability was determined by the MTS assay (D).
(A) hsBAFF-induced inhibition of PP2A and activation of Erk1/2 were strongly blocked by EGTA and 2-APB, respectively. (B) Blots for de-PP2A, p-PP2A, and p-Erk1/2 were semiquantified using NIH image J. (C and D) EGTA or 2-APB markedly inhibited the basal or hsBAFF elicits CaMKII phosphorylation, promoting inhibition of PP2A and activation of Erk1/2, as well as proliferation and survival in B cells. Raji cells and purified mouse splenic B lymphocytes were treated with 0, 1, 2.5 μg/mL hsBAFF for 12 h (for Western blotting) or 48 h (for cell proliferation/viability assay) following pretreatment with/without 10 μM KN93 for 1 h. Total cell lysates were subjected to Western blotting using indicated antibodies (A). The blots were probed for β-actin as a loading control. Similar results were observed in at least three independent experiments. The cell proliferation was evaluated by cell counting (C) and the cell viability was determined by the MTS assay (D). (A) hsBAFFinduced CaMKII phosphorylation was associated with increased expression of de-PP2A, p-PP2A and p-Erk1/2 in B cells, which was strongly blocked by KN93. (B) Blots for de-PP2A, p-PP2A, and p-Erk1/2 were semi-quantified using NIH image J. (C and D) KN93 inhibited the basal or hsBAFF-stimulated cell proliferation and viability. Results are presented as mean ± SE (n = 3-6). a P <0.05, b P <0.01, difference vs 0 μg/mL hsBAFF group; c P<0.01, difference vs 1 μg/mL hsBAFF group; d P<0.01, difference vs 2.5 μg/mL hsBAFF group. Down-regulation of CaMKII prevents hsBAFF-induced inhibition of PP2A and activation of Erk1/2 as well as proliferation/viability in B cells. Raji cells, infected with lentiviral shRNA to CaMKII or GFP (as control), were treated with 0, 1, 2.5 μg/mL hsBAFF for 12 h (for Western blotting) or 48 h (for cell proliferation/viability assay). Total cell lysates were subjected to Western blotting using indicated antibodies (A and B). The blots were probed for β-actin as a loading control. Similar results were observed in at least three independent experiments. The cell proliferation was evaluated by cell counting (D) and the cell viability was determined by the MTS assay (E). 
